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Abstract— The quasi discontinuous conduction mode (QDCM)
of the double active bridge (DAB) is addressed in this paper. The
DAB converter usually is operated turning on always two
semiconductors per bridge, and this leads to a continuous inductor
current: However, a similar operation to dc/dc converters can be
implemented, for this, less than two switches are turned on, at
certain time, in one of the bridges; this leads to the quasi-DCM.
'With this mode of operation, a natural soft-switching is performed
during the whole range of operation, but also low current stress is
performed compared to the square modulation, not only at low
power range.

The modulation is relatively simple compared to other
techniques. The proposed technique is described, analyzed,
numerically simulated, and experimentally tested.

Keywords— DAB converter, DCM, Soft-switching

I. INTRODUCTION

Double active bridge (DAB) converter is one of the most
employed power stages for different applications, like the solid-
state transformers [1]-[7], multiple-input converters [8]-[12],
and more applications [13]-[14]. This converter provides
isolation between the input and output, by employing a high-
frequency transformer (Fig. 1), and then reducing volume and
space. Additionally, the input voltage, output voltage, and power
level may be selected by design, this is why the converter is
suitable for many applications.

The DAB converter has been studied extensively in different
aspects, usually, the modulations techniques are focusing on
reducing losses at different operating modes [15]-[21]. In [15]
an algorithm to control the power flow, but mainly to minimize
the total power losses of the DAB converter is proposed, based
on the modulation. A similar method in [16] is proposed, that is
focused on assuring soft-switching in the whole range of power,
by changing the modulation technique. Different modes of
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Double Active Bridge (DAB) Converter

Fig. 1.
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Fig.2.  Typical Waveforms

operations are proposed in [17] to increase the efficiency, the
burst mode and frequency change are considered.

The double quasi-square output operation is analyzed in
[18]-[21], and they propose a method to reduce the reactive
current to reduce the losses, however, results in a complex
system.

In all these previous schemes, the inductor current is
continuous, this is the inductor current is all the time
continuously flowing and changing from a positive value to a
negative one or viceversa. In Fig. 2 is shown the typical
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waveform of this converter. This kind of operation is because
the power bridge switches are always in conduction, at least two
switches are always in conduction per bridge.

In [22]-[24] are proposed a modulation to get inductor
current with a zero value for certain time, however, the proposal
is complex since a current sensor or voltage sensors are required
to determine when the switches must be commutated to operate
properly the converter. These modulation has been proposed as
a good solution for light loads.

In this work the DAB is modulated to have a current similar
to the proposed in [22]-[24], however, the implementation is
different, no need of current or voltage sensors are required.
Here the modulation is entitled, the quasi discontinuous
conduction mode; an easy operation is obtained, and a soft-
switching at the whole range of operation is still obtained. The
paper is organized as follows: first the proposed modulation is
addressed, including steady-state analysis, and the converter
design, then the simulation results are shown and finally, the
conclusion is given.

II. PROPOSED DCM MODULATION

The DAB converter is shown in Fig. 1, as it can be observed
it is composed of two full-bridge dc/ac power stages, a
transformer, and additionally an inductor in series. The
simplified circuit usually considered for this converter is shown
in Fig. 3(a), where two square or quasi-square voltage sources
are considered plus the inductive element. However, the actual
circuit is more complex than that, because the diodes of the
bridge may conduct depending on the conditions of the circuit,
even if the semiconductors are completely off. This last
characteristic is used in the proposal.

Vpc or V; is the amplitude of the input source (Vr1); since
Vour is the output voltage, then the second source (V1) has an
amplitude of V, or nVour, considering that the transformer ratio
is n:1. The voltage V, may be higher or lower than V;, then two
operating modes may occur: the boosting or bucking mode. The
proposal is operated in the bucking mode, then Vpc> nVour.

The DAB converter waveforms operated in quasi
discontinuous conduction mode (QDCM) are illustrated in Fig.
3(b). In this case appears a new stage, compared to the
traditional operation, when the inductor remains in zero current,
during the y2 angle.

A. Operating mode

The operating mode is described in six stages, but just three
are addressed since they are similar for the second half of the
period:

i) From 0 < 6 < 31. During this stage, the output of Vr; and
V1, are positive (Vpc and nVour). During this time the
inductor current will be increased since the zero value.

ii) From 61 <0 < n—y2. The output of Vi is now zero, but the
output of Vr; is still positive (nVour). During this time the
inductor current will be decreased. Notice that the diodes
of the output bridge are conducting, then these switches
may be in the off state to assure the QDCM when the
current reaches the zero.
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Fig. 3.  DAB converter: a) Simplified circuit, b) Discontinuous
conduction mode waveforms

iii) From m —y2 < 0 < m. The output of V7, is still zero, and
the output of Vr, changes to zero due to the diodes are
open and that Vi is zero, the switches of the output bridge
are completely turned off. This current shown in Fig 3(b)
is the typical when a dc/dc converter operates in DCM.

To operate properly the converter in QDCM, then the time
that the output bridge switches are turned on is just during o1,
the rest of the time they are turned off to assure the proposed
operation. The switches of the input bridge are all working to
produce the desired output voltage.

This operation way eliminates the use of a voltage or current
sensor to determine the angle y, to properly operate the
converter. The natural behavior of the diodes is used to operate
properly the converter and to avoid the use of more sensor or
more calculus.

B. Steady-state analysis
The inductor current in DCM is described by:

LLVz 0 0<0<6,
@
v, V.-V (6)

i,0)=1-"20+-"125 0<0<7-6,-7,

oL oL

0 0<6<y,

The current will reach the zero before the half-wave ends,
the value of the inductor current at this time is determined by:

. V. 4
lL(”_al_yz):_;z(ﬁ_él_72)+ le251:0 7
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Then the value for y, for the discontinuous conduction is
obtained from (7), and results:

4 8
x5 (®)
V2= v, 1
For this operating mode, the output power is determined by:

pP= %Uj‘ i, )d@} ©)
Then solving, results:

p_ ol (| (10)
wl 27\ V,

If the input and out voltages are maintained constant the
power is controlled just by the displacement phase but depends
on the square.

A graph of the output power vs. the displacement angle is
shown in Fig. 4, but maintaining the input and output voltages
constant. It is considered Vpc=200V, Vour=100V, f=25 kHz,
L=200uH, and the transformer ratio as 1:1.

Certainly to assure the DCM a boundary exists, and this
occurs when y,=0. Then the maximum value for &1 is:

51:&7r

1
For this reason, the graph in Fig. 4 was finished at 0.5 since

the ratio V>/V; is 0.5.
C.

(11)

Soft-switching operation
Notice that the DAB converter includes a capacitor in
parallel in every switch; then to assure the soft-switching for
each switch, they must be turned on when its current is negative
or zero and they must be turned off when its current is positive
or zero. Therefore, the soft-switching conditions at the
transitions, for the first semi-cycle, are:

i,(0)<0 (12)
i,(6)>0 (13)
i,(t—=7,)20 (14)
i (7)>0 (15)

The conditions for the negative semi-cycle are the
equivalent, and also satisfied due to the symmetry. Equations
(12) and (14) correspondence to the input bridge, and for the
output bridge (13) and (15). In DCM the before conditions are
fully satisfied.

D. Design procedure
The DAB converter was designed considering the proposed
operation. The following parameters are considered:

V=200V, Vour=100V, =25 kHz, and the transformer ratio as
1:1.

The maximum power that the converter handled is
determined by (10) and (11). The designed output power of the

converter is 500W, and then the maximum power of 550W is
chosen as a margin. Therefore, the inductor is determined as:
2
L _1
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Fig. 4.  Graph of the output power vs displacement angle
TABLE I
SYSTEM PARAMETERS
Svstem parameter Simulated and experimental
Y P Value
Transformer ratio 1:1
Inductance L 80uH
Switching frequency 25kHz
Output Capacitor 500puF
Ve 200V
Vour 100V
P, S00W
MOSFETs C2M0160120D

where: f; is the switching frequency,
Prmax 1s the maximum power deliverable,

The inductor value then must be equal or lower than
90.90uH, it was selected as 80pH since a margin was considered
in the design. It is important to consider that for practical
implementation the inductor value must take into account the
parasitic inductance of the transformer; then the implemented
inductor value must be lower, the additional inductor must be L
minus Lq (dispersion inductance of transformer).

III. SIMULATION AND EXPERIMENTAL RESULTS

The converter was numerically simulated for evaluating the
performance of the proposed system. But also an experimental
prototype was built, the data is resumed in table I.

The simulated converter at steady state is shown in Figures 5
and 6; signals from top to bottom are output voltage,
transformer voltages, and inductor current. Figure 5 shows the
test at the full power of design, as it can be observed inductor
current is almost at the boundary conductions at this time, this
is when the current reach the zero value, the current remains at
zero value a short time.

The performance of the converter at steady-state at a
different output power is shown in Fig. 6; as it can be noticed,
the inductor current has the expected evolution, this is in the
positive semi-cycle the current reach the zero value and it is
maintained in that value until the negative semi-cycle occurs.

From these simulations, it can be confirmed that the inductor
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Fig. 5.  Simulation of the proposed converter at full load
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current can be operated as proposed in the paper, and this is due
to the output bridge is turned off at the proper time to permits
the free conduction of the diodes and then the natural turned off
when the current reach the zero value.

Additionally, a load variation was made to evaluate the
performance of the system, and as it can be observed a fast
dynamic response can be obtained with the proposed operation.
This is illustrated in Fig. 7.

The experimental results are shown in Fig. 8, as it can be
observed the waveforms are in complete agreement with the
theory and simulated results. The experimental prototype has

Simulation of the proposed converter at the half the designed power.

an output power of S00W.

IV. CONCLUSION

In this paper is proposed a double active bridge operated in
quasi discontinuous conduction mode, an easy method to
implement it. The proposal permits to modulate the converter
easily, but also the soft switching is assured for the whole
operating range of design. Additionally, a fast dynamic
response can be obtained.

The converter operation, analysis, design, and simulation
and experimental results are presented.
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